Niobium bearing high strength hot rolled sheet steel which had the microstructure consisting of ferrite and 10 to 20 % bainite has exhibited good mechanical properties, especially in stretch flangeability. In this study, the effect o f the microstructure of C-Mn steels on mechanical properties is discussed comparing them with low C-Nb bearing steel.
I. Introduction
The automobile industry has made efforts to reduce body weight to economize fuel consumption and to strengthen the body for the improvement of safety. In order to meet these demands, the use of hot rolled high strength sheet steel for wheels, bumpers and chassis parts has been tried, and the number of applied parts has increased year after year.
Several kinds of high strength sheet steels such as Dual-phase stee11'2> composed of ferrite and martensite, Tri-phase steel3~ composed of ferrite, bainite and martensite and Ferrite-Bainite steel4>5) have been developed and applied to automotive parts. However, the Dual-phase steel and conventional HSLA steel exhibited poor stretch flangeability.4~ Besides, Dual-phase and Tri-phase steels need additions of Si and Cr, which result in not only deterioration in surface condition and paintability,s~ but also an increase in material cost.
As far as improvement of the TS (Tensile Strength)-El (Elongation) balance was concerned, the microstructural control of ferrite-martensite, ' or the addition of Sig) was one of effective ways. However, the change of second phase from martensite or pearlite to bainite was the most effective way to improve TS-A balance4~ which is a parameter of relationship between TS and stretch flangeability, A. Since the result regarding the stretch flangeability was reported, the effect of microstructure of the steels with different chemical compositions on the TS-A balance has been examined. Nagao et al.9 ' reported that the optimum coiling temperature is 300 °C and that their microstructure is ferrite-degenerated pearlite. Katoh et a1.10 ) reported that ferrite-bainite steel coiled at 400 °C is the best steel. In this paper, the authors demonstrate that ferritebainite steel coiled between 300 and 500 °C has a good combination of TS-E1 and TS-A, and the effect of microstructure on TS-El and TS-A balance is discussed.
Based on results of laboratory investigations, mill production has been tried, where it was aimed to produce sheet steel with good stretch flangeability, surface condition, paintability and a relatively low yield ratio without additions of Si and Nb.
II. Experimental Procedures
Chemical Compositions of Steels and Processing Conditions
Air-melted steels were used for laboratory test. The chemical composition of the steels is shown in Table 1 .
In order to examine the effect of C and Mn contents on the mechanical properties, C and Mn contents were varied from 0.05 to 0.3 % and 0.7 to 1.5 %, respectively. Low C-Nb added steel, G, was used for comparison.
The hot rolling condition is shown in Fig. 1 . Steels were heated to 1 200 °C and hot rolled from 25 to 4 mm in thickness in three passes.
After the finish of the final pass at 850 °C, three kinds of cooling patterns were examined. In pattern A, the steels were cooled at a cooling rate of 30 °C/sec to a coiling temperature of 500 °C immediately after hot rolling. In pattern B, the steels were rapidly cooled down to 500 °C after slow cooling for 15 sec. In both patterns, steels were kept for 1 h at 500 °C, followed by furnace cooling. In pattern C, the steels were rapidly cooled to 700 °C, slowly cooled for 15 sec and then rapidly cooled again to various coiling temperatures. The coiling temperature was varied in the range from room temperature to 650 °C. For the steels coiled at R.T, the cooling rates at the final stage cooling in pattern C were 30 and 200 °C/sec.
Testing Procedure
Longitudinal specimens of JIS No. 5 for tensile testing were sheared from the final sheets, machined to 3 mm in thickness and tested with a cross head speed of 10 mm/ mm.
In order to study the ductile fracture behavior, round tension specimens with a 3 mm diameter and a 25 mm gauge length were machined in a longitudinal direction from the same sheets. The stretch flangeability was evaluated by hole expanding ratio, A. A was obtained by using the sheets machined to 3 mm in thickness. A hole of 10 mm diameter was punched and enlarged to fracture by a conical punch with a top angle of 60 deg.
A was calculated by the following equation :
where, di : initial diameter db : fractured diameter. The microstructure was observed by optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
III. Experimental Results

Effects of Cooling Patterns and Coiling Temperature on
Mechanical Properties The effect of cooling patterns, A, B and C, on the mechanical properties was investigated. As shown in Fig. 2 , the effect of cooling pattern on yield strength (YS) and tensile strength (TS) was negligible for the steels with C content of less than 0.15 %. However, YS and TS of 0.3 % C steel cooled by pattern C decreased by 4 kgff mm2 compared with those of the steels cooled by patterns A and B. All steels cooled by pattern C showed 2 ' 3 % higher El than the steels cooled by patterns A and B.
TS X El value which is the parameter of balance between TS and El was improved in the increasing order of patterns B, A and C. The steels whose C contents are in the range from 0.1 to 0.15 % exhibited the highest value of this parameter in all of the cooling patterns. This result means that an optimum C content exists for obtaining a good TS X El value.
As the best TS X El value was obtained by step cooling pattern C, the effects of C content and coiling temperature on the mechanical properties were discussed in the case of cooling pattern C.
As shown in Fig. 3 , TS increased with the increase of C content, the decrease of coiling temperature and the increase of cooling rate. The contribution of Vol. 26, 1986 (987) C content to TS was 10 kgff mm2 per 0.1 % C. By lowering the coiling temperature from 650 °C to RT, an increase of 10 kgf/mm2 of TS was obtained for 0.15 % C steel. A of the steels coiled at 500 °C and RT cooled by 30 °C/sec showed superior value compared with the steels coiled at 650 °C despite of the higher TS. On the other hand, El deteriorates with the decrease of coiling temperature. This deterioration became remarkable when the cooling rate was increased from 30 to 200 °C/sec. The microstructure in steel B observed by SEM is shown in Photo. 1. The second phase of the steel coiled at 650 °C was pearlite, and the steel coiled at 500 °C or RT formed mainly bainite with a small amount of pearlite.
The second phase of the steel cooled at 200 °C/sec to RT was martensite. The lower yield ratio of this steel is related to the existence of martensite.
Effects of Mn Content and Coiling Temperature on the
Mechanical Properties The effect of Mn content on the mechanical properties is shown in Fig. 4 . In the steels coiled at the temperature from 300 to 500 °C, the contribution of Mn content to TS was 1.2 kgf/mm2 per 0.1 % Mn. In the steels coiled at RT, a remarkable increase of TS was observed. Especially, 1.5 % Mn steel exhibited a large increase in TS and decrease in YR, because of formation of the martensite in place of bainite.
The effect of coiling temperature on the relationship between TS X El and Mn content is shown in Fig. 5 . TS X El of the steels coiled at 650 and 500 °C increased with Mn content. But 1.5 % Mn steels coiled at 300 °C and RT showed inferior TS X El. From Figs. 4 and 5, it is concluded that the optimum Mn content, 1.0 N 1.5 %, and coiling temperature, 300 N 500 °C, have to be chosen in order to satisfy good TS X El and TS X A value.
The changes in hardness of ferrite and second phase with Mn content were small. The effect of Mn content on the microstructure of the steels coiled at 300 °C is shown in Photo. 2. The volume fraction of second phase increased and ferrite grain size decreased with Mn content. Therefore, the increase in TS was thought to be brought about by the increase of volume fraction of second phase and grain refinement of ferrite. This phenomenon is explained by CCT diagram shown in Fig. 6 . As the Mn content increases, the start of ferrite transformation is delayed and the start temperature of the transformation decreases.
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1. Effects of coiling temperature and cool microstructure of steel B.
ing rate on the (988) Transactions ISIJ, Vol. 26, 1986 3. Effects of Microstructure and C Content on Stretch Flangeability The effects of microstructure and C content on stretch flangeability was discussed using the steels B, D and G. Niobium bearing 0.06 % steel G was used in order to compare A in the same range of TS. Figure 7 shows the effects of C content and coiling temperature on the relationship between TS and A. A decreased with the increase of C content at the same TS and was strongly affected by coiling temperature. Figure 8 shows the effect of coiling temperature on the hole expanding ratio, A. C-Mn steels containing higher C content showed inferior A value compared with low C-Nb bearing steel, G.
The steels coiled at 650 °C, which are ferritepearlite, showed low value of A in spite of low TS. This result suggests that the effect of microstructure on the hole expanding ratio, A is large.
Characteristics of Factory Produced Steels
Two heats shown in Table 2 were melted and hot rolled by the hot strip mill in steel plant.
The step cooling pattern which showed the best TS-El balance in the laboratory test was carried out on the run out table in hot strip mill. The coiling temperature was varied from room temperature to 500 °C. The relationship between TS and El of the steels is shown in Fig. 9 . TS ranged from 50 to 70 kgflmm2 with the difference of chemical compositions and change in coiling temperature. The microstructure of the steels higher than 60 kgf/mm2 was ferrite-martensite as shown in Photo. 3. TS X El value was approximately 1 700 in spite of the difference of microstructure.
The steels coiled between 400 and 500 °C exhibited microstructure of ferrite-bainite as shown in Photo. 4.
The microstructure observed by TEM showed a typical upper bainite. The volume fraction of polygonal ferrite was about 80 %.
The yield ratio of ferrite-bainite steel was about 0.75.
Photo.
2. Effect of Mn content on the microstructure of the steels coiled at 300 °C. In both types of steels, ferrite-bainite steel and ferrite-martensite steel, a small amount of pearlite was involved. Figure 9 confirms that the effect of microstructure, such as ferrite-bainite or ferritemartensite, on the TS-El balance is very small, as reported 8)
The effect of microstructure on the relationship between TS and A is shown in Fig. 10 . The TSXA value of ferrite-bainite steels and ferrite-martensite steels were 5 000 and 2 500, respectively. The mixture of martensite is effective for the strengthening of the steel without the deterioration of the TS X El value, but deteriorates the TS X A value remarkably.
From the results of factory mill production, it is concluded that microstructural control to ferritebainite is the best way to satisfy such properties as good TS-El and TS-A balances, and relatively low yield ratio with tensile strength from 50 to 60 kgf/mm2.
Iv. Discussion
Effect of Microstructure on Elongation
The elongation of dual phase steel is affected by the volume fraction" and ductility of ferrite which is affected by the dislocation density,12~ fine precipitates and solute carbon and nitrogen.13~ The importance of volume fraction of second phase and solute carbon content on the elongation of Nb bearing ferrite-bainite steel is pointed out, too,4~ In this section, the elongation of ferrite-bainite C-Mn steels is discussed from the point of views mentioned above such as volume fraction of bainite phase and ductility of ferrite phase.
Change in TS X El with cooling pattern is related mostly to the microstructural change shown in Photo. 5.
The steel cooled by pattern C, which showed the best TS X El value, had about 80 % of polygonal ferrite. On the other hand, the volume fraction of polygonal ferrite in the steels cooled by pattern A and B was less than 50 %.
As reported before,4} the TS-El balance has improved remarkably due to the increase of volume fraction of polygonal ferrite. Therefore, the highest 
Transactions ISIJ, Vol. 26, 1986 TS X El value obtained in pattern C is considered to be brought about by the increase of the volume fraction of ferrite achieved by the slow cooling process in the temperature range of ferrite transformation. As Marder pointed out,11~ the elongation of the steels is affected by the hardness of ferrite phase which relates to the dislocation density, fine precipitates and solute carbon and nitrogen contents. The hardness of ferrite matrix and second phase of steels cooled by patterns A, B and C was shown in Fig. 11 . The steels cooled by pattern C showed softer ferrite matrix and harder second phase than the steels cooled by patterns A and B. Even though the ferrite hardness of the steels cooled by pattern C is low, the TS is nearly same compared with the steels cooled by patterns A and B because of the existence of harder second phase. This difference is considered to contribute to improvement of the TS X El value in the steels cooled by pattern C in addition to the beneficial effect of the increase of volume fraction of polygonal ferrite.
Effect of Microstructure on Stretch Flangeability
The effect of the second phase on the stretch flangeability is discussed with regard to the results of tensile tests with round specimens. The true strain corresponding to the reduction of area, s f, was determined by measuring the fractured diameter and using Eq. (1). The reduction of area, r f, and strain to void initiation, &i, of the steels B, D and G were measured. As shown in Fig. 12 , e and si decreased with the increase of C content, and maximum values were obtained for the steels coiled at 300 °C or 500 °C. The steels coiled at 650 °C showed lower values.
The relationships between A shown in Fig. 8 and St and E f shown in Fig. 12 are plotted in Fig. 13 . From the result that A and f show the good correlation, the factor which controls can be clarified as being the same one which controls reduction of area, S f. It is well known that s f is controlled by mainly local elongation.
But as shown in Fig. 13 V. Conclusion The effects of chemical composition and hot rolling condition of C-Mn steels on the mechanical properties, such as tensile strength, elongation and stretch flangeability, were investigated. Results were summarized as follows.
(1) In the cooling stage after hot rolling, the steel cooled by the step cooling pattern showed the best TS-El balance because of the formation of the largest volume fraction of polygonal ferrite, compared with a conventional cooling pattern.
(2) The contribution of C and Mn to TS was 10 kgf/mm2 and 1.2 kgf/mm2 for 0.1 %, respectively. TS was also increased by lowering the coiling temperature and increasing the cooling rate.
(3) The stretch flangeability of C-Mn steels which contain more than 0.1 % C is inferior to that of low C-Nb bearing steel.
The maximum value of A was obtained for the steels coiled at 300 to 500 °C in all steels used in this experiment, because the void initiation was suppressed in ferrite-bainite steels due to the high ductility of bainite phase.
(4) It was confirmed from mill production results that ferrite-bainite steels showed good TS-El and TS-A balances and relatively low yield ratio.
Ferrite-martensite steels coiled at lower than 250 °C showed the same TS-El balance as the ferrite-bainite steels. However, the TS x A value of ferrite-martensite steels was half of that of ferrite-bainite steels. 
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Photo. 6. Microvoids observed at the strain to void initiation and strain of fracture of steel B.
